[1] Afforestation of natural grasslands with fast-growing pine and eucalyptus species is increasing globally, but little is known about its effect on ecosystems and watersheds and, ultimately, the quality of water resources. To investigate the biogeochemical and hydrological consequences of this land use change, we sampled stream water in paired watersheds in Uruguay and Argentina. In watersheds planted with pine, we found no change in stream pH following afforestation, while in watersheds planted with eucalyptus, pH was 0.7 units lower on average than in streams draining grasslands. To further investigate the mechanism behind the decrease in pH, we sampled soils and streams of eucalypt catchments in Uruguay and analyzed exchangeable base cation concentrations, alkalinity, and dissolved inorganic carbon (DIC). At these sites, Ca, Mg, and Na concentrations were >30% lower in afforested soils than in grassland soils, and pH was significantly lower below 10 cm depth. Stream measurements taken over three years illustrate that these soil changes were also manifested in stream water chemistry. In the eucalypt watersheds, base cation concentrations were >40% lower, and alkalinity and DIC were halved in stream water. A test with data from additional sites where both pines and eucalypts were planted nearby showed that eucalyptus has a stronger acidifying effect than pine. Overall, our data suggest that repeated harvesting cycles at some locations could negatively impact the soil store of base cations and reduce downstream water quality. Our results can be used to help minimize negative impacts of this land use and to inform policy in this and other regions targeted for plantation forestry.
Introduction
[2] Attention to the importance of natural ecosystems in provisioning of water has increased at the same time that land use change, which can compromise this ecosystem service, continues at an accelerated rate [Millennium Ecosystem Assessment, 2005; Scanlon et al., 2007; Mark and Dickinson, 2008] . Increasingly, research on biophysical responses to land use change has revealed a variety of trade-offs that may occur between increased production of goods needed by human populations and loss or impairment of ecosystem services [Jackson et al., 2001; Foley et al., 2005] . In order to fully assess the trade-offs associated with land use change, quantitative data on ecosystem responses to land use are needed [DeFries et al., 2004] . In the case of conversion from natural to agricultural systems, existing research has demonstrated large impacts on water resources through changes in water quantity and quality, via mobilization of salts, salinization, and leaching of fertilizers [e.g., Scanlon et al., 2007] . While conversion of natural ecosystems to tree plantations is a land use change that has generally received less attention, it is increasingly seen in the context of a tradeoff that can increase production of timber and other goods but reduce water quantity and, with a more incomplete understanding, water quality [Calder, 1986; Dye, 1996; Vertessy, 1999; Farley et al., 2005; Jackson et al., 2005; Farley, 2007; van Dijk and Keenan, 2007] . Land use impacts on water quality, as well as water quantity, need consideration in order to manage water resources sustainably [Scanlon et al., 2007] . Like impacts on water quantity, effects on water quality have relevance both at the site where land use change occurs and downstream, crossing scales (from stand to watershed) and habitats (from terrestrial to aquatic).
[3] Streams link terrestrial and aquatic systems by carrying dissolved nutrients from watersheds to rivers, lakes, and estuaries. Although streams process materials in their own right, they also carry the imprint of land use within their watershed, including differences in stream solute concentrations, nutrient fluxes, and acidity [Howarth et al., 1996; Goodale et Meynendonckx et al., 2006] . Changes in land use and land cover, such as afforestation, alter the type and solubility of litter inputs, the characteristics of soil organic matter, and the size of soil nutrient stocks on land and downstream, including the water that ultimately reaches lakes, estuaries, and oceans [Lewis et al., 1999; Jackson et al., 2000; Hood et al., 2003] . At the same time, changes in nutrient retention or mobilization alter nutrient movement through hydrologic pathways and can have long-term effects on ecosystem productivity, carbon storage, and freshwater communities [Bernhardt and Likens, 2002; Perakis and Hedin, 2002; Strauss and Lamberti, 2002; Sobczak et al., 2003] .
[4] Afforestation is becoming increasingly prevalent, with global plantation area increasing by >40% between 1990 and 2005, when it reached 139.1 million ha [van Dijk and Keenan, 2007] . Many changes in ecosystem processes have been associated with this land use change, including the acidification of some soils and reductions in soil cation concentrations under plantations [Brand et al., 1986; Binkley et al., 1989; Rhoades and Binkley, 1996; Alfredsson et al., 1998; Jobbágy and Jackson, 2003; Jobbágy and Jackson, 2007] . In a global synthesis, Jackson et al. [2005] found that plantation soils became more acidic than the previous land cover in 98 of 114 cases evaluated, with a median decrease of 0.3 pH units and decreases of 0.5-1.6 units in 25% of the cases.
[5] Acidification of stream water also has been documented following plantation establishment in acidic headwater catchments, yet little is known about the effect of afforestation on stream chemistry in areas of low acid deposition [Harriman and Morrison, 1982; Cosby et al., 1990; Jenkins et al., 1990; Clenaghan et al., 1998 ]. Further, the link between the response in streams and that in soils is poorly understood. Some authors have suggested that the acidifying effect of plantations on streams may be less than the effect on soils ]. Yet research in forested and nonforested catchments indicates that changes in stream chemistry tend to reflect fine-scale changes in soil chemical properties [Biggs et al., 2002; Palmer et al., 2004; Billett et al., 2006] . In contrast to studies of acid deposition, the link between biogeochemical changes in soils and streams as a consequence of afforestation has rarely been studied and is poorly understood [Waters and Jenkins, 1992] .
[6] Both hydrological and biogeochemical mechanisms likely alter stream chemical composition as a result of afforestation. In the first case, higher stream solute concentrations would accompany afforestation if increased evapotranspiration reduced streamflow [Zhang et al., 2001; Engel et al., 2005; Farley et al., 2005; Jackson et al., 2005] . This purely hydrologic mechanism would increase solute concentrations in proportion to the amount of streamflow reduction. In the second case, biogeochemical mechanisms with afforestation of grasslands could either retain or mobilize nutrients, leading to lower or higher stream solute concentrations, respectively. These mechanisms include cation sequestration in tree biomass (retention), leaching of organic acids from the tree canopy and litter layer (mobilization), and addition of carbonic acid with higher rates of soil respiration (mobilization), and would reflect the redistribution of nutrients among plant, soil, and water pools. In nature, both hydrological and biogeochemical mechanisms likely interact to control changes in stream water chemistry. For example, enhanced mobilization of solutes potentially could be amplified by streamflow reduction.
[7] Changes in stream biogeochemistry following afforestation can be associated with changes in both water quality and site productivity. Acidification, for instance, can have detrimental impacts on aquatic species [Allott et al., 1993; Kelly-Quinn et al., 1996; Friberg et al., 1998 ]. If cations retained in tree biomass are harvested and exported from the system, persistent soil acidity and long-term nutrient loss may occur [Alfredsson et al., 1998 ]. These effects are particularly relevant since afforestation with pines and eucalypts is occurring on some highly productive grasslands, such as those in Argentina and Uruguay. Both countries are likely to be important fronts for afforestation in the coming decades; Argentina is estimated to have 20,000,000 ha that have been designated as appropriate for forestry, only 4% of which has been afforested, while Uruguay has 3,600,000 ha, of which less than 10% has been afforested (M. Angel, South American forestry industry, World Forest Institute, Portland, Oregon, available at http:// www.cintrafor.org/OUTREACH_TAB/presentations/Mario%20Angel.pdf). Between 1990 and 2000, expansion of tree plantations was the dominant land use change in the agricultural census, with plantations occupying more than 35% of the land area in some counties [Paruelo et al., 2006] .
[8] In this analysis, we studied 13 sites in Lavalleja Province, Uruguay and Córdoba Province, Argentina and 1 additional site in Tacuarembó, Uruguay where plantations were established on and adjacent to native grasslands. Our goals were as follows.
[9] 1. Analyze the effect of afforestation on stream water pH in two regions with different climatic and soil/parent material characteristics, one afforested with pines and the other with eucalypts.
[10] 2. Identify hydrological versus biogeochemical effects of afforestation with eucalyptus and evaluate to what extent changes in soil properties are mirrored in stream water characteristics. To accomplish this goal we used more detailed local studies in one region, including sites with the same climate, soil/parent material, and tree species.
[11] 3. Investigate the effects of plantation species on stream water pH at a single site (with identical soil/parent material type) planted with both pines and eucalypts.
[12] Our approach allowed us to isolate the effects of afforestation on soil and stream chemistry, as well as to help develop a general framework for predicting the consequences of afforestation in other regions targeted for plantation forestry.
Methods

Study Sites
[13] We examined the conversion of grasslands to plantations at 13 sites in Argentina and Uruguay. In each country, we established pairs of grassland-plantation watersheds, including 5 pairs in Córdoba, Argentina planted with pine and 8 pairs in Lavalleja, Uruguay planted with eucalyptus. For our regional analysis, we sampled stream pH seven times between 2004 and 2006 at all 13 sites. In a more detailed analysis performed at the 8 sites in Lavalleja, Uruguay we also analyzed base cations, alkalinity and dissolved inorganic carbon (DIC) in stream water and sampled soils at each site. Finally, to elucidate the separate effects of region and species, we sampled stream water pH at an additional site located in Tacuarembó, Uruguay, where both pines and eucalypts were planted in neighboring catchments.
[14] The Argentinean watersheds were located across the eastern slope of the Córdoba Hills (31°S, 64°W) (Figure 1 ). Annual precipitation there averages 850 mm, occurring mostly between spring and fall (October -April) and mean annual temperature is 14.9°C. Granitic rocks dominate the lithology of the rolling hills in the region. Localized patches of loessic material deposited in the flattest parts of the landscape also are found in this region, but were mostly absent in our study areas. Soils in the area range from Entisols to Haplumbrepts to Hapludolls and Argiudolls across the gradient from rock outcrops to plains, with Haplaquolls found in the valley bottoms. Soils typically meet bedrock at 10 to 60 cm depth, and pedogenic carbonates are frequently found where the soils are deeper. Study watersheds ranged from 14 to 142 ha (mean watershed size: 63 ha) and were located between 1000 and 1900 m elevation. Grasslands, with a mixed composition of C 3 and C 4 species, cover the area and are used primarily for cattle and sheep grazing [Cabido, 1985] . Most afforested plots in the region were established in the late 1970s as a result of a tax deferral plan implemented by the Córdoba government. Pinus elliottii is the dominant tree in these plantations followed by P. radiata and P. ponderosa.
[15] The Uruguayan study sites were located near Minas (34°22 0 S, 55°14 0 W), the capital of Lavalleja department in southeastern Uruguay (Figure 1 ). Mean annual precipitation is 1150 mm and mean annual temperature is 16.5°C. The region is characterized by gentle hills, with a maximum altitude of approximately 500 m. Soils in the region are developed over granitic rock that emerges in some portions of the landscape and include Udolls, Udalfs and occasionally Udepts. Soils at our study sites were mostly Hapludalfs with saprolite contact usually at or near 30 cm. Soils are rich in base cations, and have intermediate fertility and organic carbon contents. In lower portions of the landscape soils are typically deeper, with an argillic horizon and higher organic matter contents (Argiudolls) [Duran, 1985] , while stones or gravel are often present throughout the soil profile. Study watersheds ranged from 6.3 to 148 ha (mean watershed size: 39 ha) and were located between 50 and 200 m elevation. Most of the region is covered with native grasslands of mixed C 3 and C 4 composition that, like the Córdoba site, are used for cattle and sheep grazing. Afforested plots were established between 1992 and 1996 and are mainly planted with Eucalyptus globulus and, less frequently, with E. grandis. Streamflow tended to be higher in the grassland streams than in the plantation streams on all sampling dates, although variability was large and differences between them were not significant (Table 1 ). [16] Finally, additional sampling was done in the Tacuarembó region, located in the northern part of Uruguay ( Figure 1 ). There, MAP is approximately 1450 mm, MAT is 18°C, and soils are deep (>1 m), well drained, and have high sand contents (more than 70%) [Duran, 1985] . The sampled watersheds had gentle slopes (8 -15%) and the soils were Hapludalfs or Hapludults. These soils developed over noncalcareous quartz sandstone, and typically have low base saturation, low fertility, and low organic carbon, but high water holding capacities. Hapludalfs usually have higher clay contents below 70-100 cm, but are still very well drained. In this area, plantation species are Pinus elliottii, P. taeda, and E. grandis planted in a matrix of grazed grasslands with a high proportion of C 4 grasses.
Field and Laboratory Methods
[17] We took triplicate water samples from streams originating in adjacent grassland and plantation watersheds on six dates, covering fall, winter, and spring sampling dates during two successive years from 2004 to 2006. Sampling was done during low-flow. Samples were collected with 60 mL syringes that were rinsed three times with stream water, then immediately filtered through 0.45 mm filters and stored in high-density polyethylene bottles that had been prewashed six times in ultrapure deionized water. Samples for alkalinity analysis were collected in bottles that were rinsed three times with stream water then filled completely and capped underwater. All samples were kept cool and refrigerated until analysis at Duke University (Durham, North Carolina). Stream samples were analyzed for concentrations of total dissolved C, dissolved organic C, and total dissolved N on a Shimadzu TOC-Vcph with a TNM-1 module. Cations were analyzed on an ICP at Utah State University's Analytical Laboratory (USUAL, Logan, UT). Alkalinity was measured by titration of unfiltered samples with 0.01 M HCl to an end point of pH 5.0 using a Brinkman titrator fitted with a combination electrode. We measured temperature, conductivity, and pH in the field with an Accumet meter (Fisher Scientific) and streamflow with a portable flowmeter with an electromagnetic velocity sensor (Flo-Mate Model 2000, Marsh-McBirney, Inc.) . In the case of Tacuarembó, this field sampling was done in three blocks, each of which included grassland, pine, and eucalyptus catchments established over the same soil units.
[18] At 7 of the 8 sites in Lavalleja, Uruguay, we collected soil samples at six roughly equidistant points along a transect (300 -700 m) running from ridge to ridge and approximately perpendicular to the stream in each of the catchments (although there were 8 watersheds, one site had been cut at the time of soil sampling and could no longer be used). Samples were collected with a corer at depths of 0 -10 cm, 10-20 cm, and 20 -30 cm. Separate samples were collected for bulk density measurements. Soils were air dried and large roots and stones were removed and measured for volume. Samples were sieved through 2 mm mesh after grinding with a pestle and mortar to disrupt large clay aggregates where necessary.
[19] Exchangeable cations were extracted with 1M ammonium acetate in a 1:20 soil-to-solution ratio at pH 7. Soil and extracting solutions were shaken for thirty minutes and then filtered through Whatman number 42 filter papers. The filtered extractant was stored below 4°C for analysis using atomic absorption spectrometry (AAS) for calcium (Ca), magnesium (Mg), sodium (Na) and potassium (K). The moisture content of randomly selected samples was found to be less than 3% on average. Consequently, concentrations of soil cations are expressed as mass per unit weight of air-dried soil (mg g -1 ) and no adjustment was made for soil moisture. Soil pH was measured in 1:1 weight to volume ratio with deionized water.
Statistical Methods
[20] Statistical analysis for the regional stream survey was done using one-way ANOVAs for each pair of catchments, with vegetation type as the factor. In these analyses, samples from all of the sampling dates were pooled for each site and grassland streams and plantation streams were compared. For the local analysis (including only samples from the Lavalleja, Uruguay sites), statistical analysis of stream samples was done using two-way analysis of variance, with vegetation type and date of sampling as the factors. This assumes that samples taken several months apart from the same stream are independent, an assumption that is justified on the basis of the long time lag between sampling dates (2 months or more) and the fact that the streams sampled drained fairly low relief catchments and were all sampled under low-flow conditions. For soil samples, the values for the 6 samples from each site were pooled and one-way analysis of variance was performed for each of the three soil depths (0 -10 cm, 10-20 cm, and 20 -30 cm), with vegetation type as the main factor. In cases where the assumption of homogeneity of variances was not met, nonparametric Kruskal-Wallis tests were used (in all cases producing the same result as the ANOVA). For the site-specific analysis, we used two-way ANOVA, with vegetation type and sampling block as the factors, and a REGWF (Ryan-Einot-Gabriel-Welsch F) post hoc test.
Results
Regional Analysis: Uruguay and Argentina
[21] Stream pH decreased substantially with grassland afforestation (p < 0.001, Figure 2) . Overall, stream pH in plantations was 0.4 units lower on average than in grasslands. When separated out by region and species, however, most of this difference was driven by the sites in Uruguay, where stream pH was 0.7 units lower on average in eucalypt plantations than in grasslands (p < 0.001). In the most extreme cases, stream pH dropped by almost a full pH unit (Figure 2 ). In contrast, the pattern at the Argentina sites planted with pine was less obvious; in only one of the paired catchments was pH significantly lower in the plantation stream than in the grassland (Figure 2) . 3.2. Detailed Local Analysis: Lavalleja, Uruguay
[22] Along with the average decrease in stream pH of 0.7 units, levels of Ca, Mg, K, Na, DIC, and alkalinity in plantation streams also dropped between 41 and 54% compared to grassland streams (p < 0.01 in all cases, Figure 3 ). The differences in chemistry between grassland and plantation streams were consistent at different times of the year, whether solute and DIC concentrations were low (as in early winter) or high (as at the end of the growing season) (Table 2 ). Ca, in particular, showed strong seasonal variation, with the highest concentrations at the end of summer for both grasslands and plantations but with significantly higher concentrations in grasslands at all times of the year (Table 2 ). There was no significant interaction between vegetation type and sampling date for any of the variables, confirming that the differences between grasslands and plantations do not depend on the season of sampling (Table 2) .
[23] Changes in soil properties with afforestation were similar to those measured in the streams. In watersheds planted with eucalyptus, Ca, Mg, and Na were more than 30% lower in afforested soils than in grassland soils and pH was 0.2-0.3 units lower in plantation soils below 10 cm depth (p < 0.05 in all cases, Figures 4a-4e) . When examined by pool sizes rather than concentrations, the patterns were also similar. Grassland soils tended to have larger pools of Ca, Mg, and Na at all three depths sampled, while K pools tended to be larger in plantation soils, although the variability was large. While these differences were not significant overall, they suggest a trend toward a decline in pools of most soil cations under plantations (Table 3) .
3.3. Site-Specific Analysis: Tacuarembó, Uruguay
[24] At the Tacuarembó site in Uruguay, where both pine and eucalyptus are planted in the same area, eucalypt plantations had much stronger effects on stream pH than did pine plantations ( Figure 5 ). Stream pH was 0.6 units lower in streams draining eucalyptus than those draining grasslands (p = 0.003), while pines tended to acidify the streams by only 0.2 pH units and the difference with grasslands was not significant (p = 0.09, Figure 5 ). Because both pine and eucalyptus were present at this site, it allowed us to compare directly the effects of planting with different tree species. These results suggest that eucalyptus has a much stronger acidifying effect than pine and that the species planted may play a more important role in determining the effect of plantations on stream chemistry than regional differences in soil characteristics.
Discussion
Hydrologic and Biogeochemical Pathways to Change Following Afforestation
[25] The two mechanisms of change in stream cation concentrations we have proposed include hydrologic alteration and biogeochemical change through increased nutrient retention or mobilization ( Figure 6 ). Afforestation is expected to lead to a reduction in streamflow, and plantation streams in Uruguay tended to have lower flow than grassland streams Jackson et al., 2005] Table 1) . Therefore, it might be expected that afforestation, with lower streamflow and less dilution, would lead to higher cation concentrations in plantation streams ( Figure 6 , far left pathway). However, cation concentrations decreased following afforestation in Uruguay despite the reduction in streamflow, suggesting that cations accumulated in tree biomass and the mechanism behind the change was increased nutrient retention ( Figure 6 , darker shaded box). The fact that this occurred despite decreased flow indicates that the lower cation concentrations in plantation streams actually provide a low estimate of the amount of cation redistribution, and that the difference between grasslands and plantations would be even larger if considered as a flux rather than a concentration.
[26] Calcium retention in afforested watershed can be accounted for by the sequestration of this element in tree biomass, as suggested by the following rough estimate. Assuming that our flow estimates for the period of sampling represent the average flow, total calcium export would have reached 24.7 kg ha À1 a À1 for grasslands versus 10.3 kg ha À1 a À1 from the plantation streams. Given that retention rates of 118 kg ha À1 a À1 have been described for eucalyptus plantations in the Pampas [Jobbágy and Jackson, 2003] , the difference of 14.4 kg ha À1 a À1 in plantation streams could very plausibly be the result of Ca sequestration in the tree biomass. Although this is a conservative estimate, given that it is based on measurements taken during low flow and does not account for exports during stormflows, the relative difference between grasslands and plantations is clear. This rough calculation demonstrates that the Ca sequestration potential of trees is much greater than the losses documented from plantation streams and, even if Ca exports were an order of magnitude larger when including stormflows, this mechanism could account for chemical shifts in stream water in the range observed following afforestation.
Terrestrial-Aquatic Links
[27] In addition to providing new information on the mechanisms that drive acidification following tree establishment, our results indicate that the effects of afforestation on soils are propagated to streams. Soil acidification following afforestation can be produced through three primary mechanisms, including increased inputs of organic acids, increased soil respiration, or increased uptake of cations by plantation trees [Jobbágy and Jackson, 2003] . Each of these mechanisms is expected to produce a different pattern of acidification in the soil profile. In the case of cation redistribution, maximum acidification occurs below 10 cm depth, where nutrient uptake is highest but inputs from throughfall and litter are low [Jobbágy and Jackson, 2003] . The pattern of acidification of soils under eucalyptus in Uruguay is consistent with this mechanism, as demonstrated by lower pH below 10 cm depth under plantations, with no significant change in pH between 0 and 10 cm depth (Figure 4e ).
[28] Our results coincide with the idea that cation accumulation in biomass is an important source of soil acidification following afforestation, as Ca and other exchangeable cations are redistributed from the soil pool to the tree biomass [Brand et al., 1986; Binkley et al., 1989; Jobbágy and Jackson, 2003; . The reduction in soil cation concentrations under eucalyptus in Uruguay was particularly large in the case of Ca, but was also significant for Mg and Na (Figures 4a -4d) . The decrease in soil Na under plantations in Uruguay contrasts with most cases included in a global synthesis, where the trend was for Na to become concentrated in soils following afforestation, likely because of exclusion by roots . The reason for this difference is uncertain, but may be related to the initial concentration of Na in the soil or to differences in uptake among tree species. Unlike the soils included in the global synthesis, the Uruguayan soils had low initial Na concentrations that may have become depleted by tree uptake and storage during plantation establishment. Furthermore, differences in the use and tolerance of Na between eucalyptus and other plantation species, as well as among species of eucalyptus, likely exist [Marcar and Termaat, 1990] .
[29] Comparison of soils under grasslands and plantations allows for a better understanding of the vertical redistribution of cations following afforestation, while the addition of stream sampling provides complementary information on whether a lateral redistribution of cations also occurs following this land use change, and provides the opportunity for coarse-scale spatial integration. Under the first two mechanisms of soil acidification, organic acid input and soil respiration, cation leaching with a corresponding increase in stream cation concentrations would be expected in the shorter term (Figure 6 , far right pathway). However, if the third mechanism, cation redistribution, dominates, an in- crease in cations in stream water would not be expected because soil cations would be redistributed to the tree biomass rather than leached from the soil (Figure 6 , middle pathway). The pattern of soil acidification following eucalyptus establishment in Uruguay follows the cation redistribution model, while further evidence that this is the dominant mechanism comes from the lower cation concentrations in streams draining plantations (Figure 6 , darker Figure 4 . Soil exchangeable cations, including concentrations of Ca, Mg, K, and Na (centimoles of charge per kilogram) (plus or minus standard error) and pH in Lavalleja, Uruguay. Asterisks indicate the following: **p < 0.01, *p < 0.05. G, grassland; P, plantation. Averages were calculated for each vegetation/depth combination at seven of the sites (n = 7 for each cell; mean ± standard error) and are given in centimoles of charge per meter.
shaded box). Concentrations of Ca, Mg, K, and Na were all significantly higher in streams draining grasslands than those draining plantations, suggesting that the cations lost from soils under eucalyptus were redistributed to the vegetation rather than leached. Part of the decrease in stream cation concentrations can be attributed to the decrease in bicarbonate ions, the dominant anion in these streams, in order to preserve electroneutrality. Given the decrease in stream pH, however, it seems that soil stores of base cations are not sufficient to balance even the reduced anion concentrations and the charge balance is maintained by H + leaching ( Figure 6, middle pathway) .
[30] The fact that stream cation concentrations mirror the lower cation concentrations in plantation soils suggests that the changes are the result of the redistribution of cations from soil pools to vegetation pools. However, another possible contributor to the change in stream chemistry is the alteration of flow paths. These changes may occur following afforestation because of differences in bulk density and rooting patterns between grassland and plantation watersheds. Bulk density was higher in plantation soils than grassland soils, suggesting either a reduction in pore volume or a reduction in organic matter content, either of which would influence the water holding capacity of soils and the rate and degree to which water infiltrates. In addition, rooting patterns are altered with afforestation, with tree Figure 6 . Pathways to change in stream acidity. Changes in stream acidity can occur via hydrologic as well as biogeochemical pathways, and these pathways can interact to attenuate or exacerbate changes. The outcome observed in Uruguay is in the darker shaded box. roots generally reaching deeper into the soil than those of grasses and, in some cases, breaking soil structure, so that water is transferred rapidly to deeper soil layers [Guo and Gifford, 2002; Schenk and Jackson, 2002; . This rapid transfer through macropore networks created by tree roots would reduce the opportunity for low ionic strength waters to equilibrate with the soil matrix, resulting in lower concentrations of solutes in runoff than might be expected in soils dominated by the finer roots of grassland plants.
[31] Links between soils and streams also likely play an important role in the observed change in DIC following afforestation. While it is possible that DIC is lost from afforested streams because of degassing of CO 2 from shallow waters, at the pH range of streams in our study sites (6.2-7.6) most of the inorganic carbon will be present as HCO 3 À or CO 3 2À rather than dissolved CO 2 . It is more likely that the decrease in stream water DIC in afforested catchments is soil mediated, either as a consequence of degassing at the surface of drier soils, or due to a reduction in soil and root respiration. Although the mechanism is not certain, our rough calculations (based on the same criteria used for Ca above) suggest that the quantities are substantial, with plantation streams exporting in the range of 18 kg ha À1 a À1 less DIC than grassland streams. This alteration in the transport of terrestrial carbon to aquatic systems can affect regional carbon balances by altering the amount of C buried and stored in sediments and transported to the ocean [Cole et al., 2007] .
Role of Region Versus Species in Response to Afforestation
[32] The study regions in Argentina and Uruguay are characterized by different climates and soils, as well as different plantation species. While there was little change in stream chemistry under pine plantations in Argentina, there were significant differences following establishment of eucalyptus in Uruguay. This suggests that the differences in climate and soil may play a role in mediating, and, in Argentina, possibly ameliorating, the effects of vegetation change. However, it also leaves open the possibility that the differences between the two regions were a result of the species planted. Our results from the third region, Tacuarembó, Uruguay, suggest that there are differences in the uptake of cations between pines and eucalyptus, indicating that the species of tree planted may play a more important role than regional characteristics. The uptake of Ca and Mg has been found to be greater under eucalyptus than under pine [Huang and Bachelard, 1993] , and may partially explain the differences in acidification between species at the Tacuarembó site. Greater acidification of streams under eucalyptus would be expected with greater Ca and Mg uptake and may result in eucalyptus being a stronger acidifier as a plantation species than pine. However, further research in locations where both species exist is required to provide a better and more detailed understanding of the species effect.
Implications and Conclusions
[33] Our stream data provide a complement to the current understanding of vertical redistributions of cations by adding a lateral dimension, providing insight into the ways in which afforestation can be expected to affect future site productivity. Under grasslands, fewer cations are retained in the biomass, leaving higher concentrations in soils, which are then reflected in higher stream water loads. Tree establishment triggers a strong redistribution of cations to biomass leading to lower concentrations in both soils and stream water. It could appear that cations are being exported either way -with export occurring via streams in the case of grasslands and via biomass in the case of plantations. For this reason, it is important to look at cation pools in the soils as well as concentrations. Cation contents remained large in soils draining grasslands despite the high concentrations in streams, suggesting that the store of soil cations is unaffected by hydrologic cation export. In contrast, decreasing soil cation contents under plantations suggest that cation export through biomass is beginning to deplete the soil store of base cations. The difference in soil Ca contents between grasslands and plantations is approximately 700 kg ha À1 , which equates to a loss of between 54 and 78 kg ha À1 a
À1
from soils under plantations, or 741-1066 kg ha À1 over a full rotation (plantations were 9 -13 years old in 2005 and are typically harvested around 13 years). Given a Ca retention rate of 118 kg ha À1 a
, over a 13-year rotation, eucalyptus would be expected to retain approximately 1500 kg ha À1 of Ca, approximately half of which is being met through depletion of soil Ca stores. These numbers indicate that even one rotation will have a substantial effect on soil fertility and that soil Ca stores may not meet the needs of a second rotation. The amount being incorporated into biomass, and ultimately destined for timber or paper products, is much larger than that exported in streams, according to our rough mass balance estimates. The export in biomass then becomes permanent as trees are harvested and the cations are removed from the ecosystem, so that repeated cycles of harvesting and replanting could result not only in a loss of soil fertility, but also persistent soil acidity which can remain for decades after harvesting [Alfredsson et al., 1998 ]. The persistence of acidity is likely to be exacerbated by the decrease in alkalinity following afforestation, as buffering capacity in these soils is lost and they become more susceptible to further changes in pH.
[34] In addition to effects on site productivity, acidification and changes in stream cation concentrations also have implications for water quality and the diversity and viability of aquatic species, in particular invertebrate communities and fish populations [Kelly-Quinn et al., 1996; Friberg et al., 1998; Giller and O'Halloran, 2004] . Most of the existing research on these issues comes from northern Europe. For example, in a study of spruce plantations in Scotland, trout were found to be absent from the more acidic forested streams, and salmon eggs planted in those streams died within weeks [Harriman and Morrison, 1982] . Others have found that trout are particularly sensitive to changes in calcium, alkalinity, and pH, with Ca playing an important role in influencing the ability of fish to tolerate high aluminum levels [Kelly-Quinn et al., 1996; McClurg et al., 2007] . The interactions among stream variables can be particularly key in influencing fish survival and reproduction; in the case of acidic streams in Norway, stream calcium concentrations and the ratio of calcium to H + were the strongest determinants of brown trout density [Hesthagen et al., 1999] . While the species of interest in northern Europe are different than those in southern South America, the significant changes in these variables in streams draining plantations in Uruguay suggest that afforestation may also have impacts for aquatic species of interest in this region.
[35] Although our data exploring pine versus eucalypt impacts are preliminary, our results suggest that the choice of both site and species for afforestation programs are important determinants in making plantation forestry a sustainable land use. Other researchers have suggested that the species planted can play a key role in the degree of surface water acidification following afforestation, and our results are consistent with that idea [Waters and Jenkins, 1992] . Further research is needed to confirm whether eucalyptus acts as a stronger acidifier than pine, and whether the appearance of this difference depends on the soils and geology of the site being planted.
[36] Much of the previous research on the effects of afforestation on stream chemistry has been conducted in Ireland and the U.K., particularly in regions with high levels of acid deposition [Allott et al., 1993; Giller and O'Halloran, 2004] . However, very little research has been done in the regions of the world that have become the most important new fronts for afforestation. Yet, an understanding of the relationship between land use and water quality is necessary in order to provide land owners and managers with the information needed for improved land management [Baker, 2003] . One of the challenges of sustainable land use and management is that of ''reducing the negative environmental impacts of land use while maintaining economic and social benefits'' [Foley et al., 2005, p. 570] . In order to do this, the trade-offs among alternative land uses must be understood, including the suites of ecosystem goods and services each land use provides, and those that they compromise. Although plantations contribute to timber production and carbon sequestration, the trade-off with other ecosystem services, such as water quantity and quality, should continue to be evaluated in order to maximize the conditions under which this important land use can be sustainable over the long term.
